Introduction
Analytical techniques such as differential scanning calorimetry and Fourier transform infrared (FTIR) spectroscopy are used extensively to characterise the cross-linking of thermosetting resins [1] . However, a direct comparison or cross-correlation of the data generated using a differential scanning calorimeter (DSC) and an FTIR spectrometer are not straightforward for one or more of the following reasons:
(i) Measurand. The DSC measures thermally activated processes such as the heat capacity, melting, crystallisation, glass transition temperature and enthalpy of reactions. The data on the enthalpy of the reaction obtained from the DSC represents the sum of all chemical reactions that take place during cross-linking. In contrast, FTIR spectroscopy is associated with the molecular vibrational characteristics of specific functional groups. Therefore, FTIR spectroscopy can impart quantitative information on the depletion or formation of specified functional groups during the course of the cross-linking reaction. (ii) Thermal gradients and temperature control. The methods used to heat the sample in the DSC and FTIR spectrometer are different. The DSC relies on conductive heating where the metal * Corresponding author.
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pans, containing the sample and reference (empty pan) are in intimate contact with the sample holder and furnace. Here, the accuracy of temperature-control is generally ±0.05 • C. In the case of FTIR spectroscopy experiments involving thermosetting resins, a "hot-cell" is used where the resin system is contained between a pair of optically transparent windows, for example, quartz windows. A spacer is used between the optical windows to obtain the required path length. In this instance, the resin system predominantly experiences radiative heating and it is difficult to ensure that the specimen does not experience a thermal gradient. This issue is more significant with nearinfrared spectroscopy where longer path-lengths are required when compared to mid-infrared-based characterisation. (iii) Mass of the sample. In addition to the fact that the substrates used to contain the specimens in the two techniques are different, the heat-transfer characteristics for the two experiments are different due to variations in the respective sample masses. FTIR spectroscopy requires specimens of approximately 0.5 g (1 mm path-length cuvette), whereas DSC is restricted to 3-15 mg samples. In the former case, the exothermic nature of the cross-linking reaction can result in significant deviation from the desired isothermal temperature. (iv) Substrates. Experiments involving the DSC are carried out using aluminium, copper or steel pans. However, conventional transmission FTIR spectroscopy generally dictates the need for optically transparent materials such as quartz or sodium chloride. Therefore, the possibility of surface-catalysed reactions on the various substrates used in the DSC and FTIR spectroscopy experiments cannot be ruled out. (v) Environment and volatility of sample . The experiments that are  carried out on a DSC are generally conducted in a nitrogen  atmosphere where the sample is contained in an un-crimped  open-top pan; the volatility of the sample can be an issue  especially when the cross-linking reactions are conducted at  elevated temperatures. Volatility of one or more of the components in the resin system can result in a deviation from the desired stoichiometry.
With reference to the above-mentioned issues, apart from the experimental elegance in being able to conduct multi-parameter characterisation on the same test specimen, there is a strong argument in favour of developing hyphenated analytical techniques to characterise materials under one set of environmental and processing conditions.
The following section presents a brief review of selected papers that developed the background technology to enable hyphenated analytical techniques involving the DSC to be realised. Wendlandt [2] provided an overview of the pioneering contributions made by his group to the design and development of a wide range of thermal analysis techniques.
Magill [3] developed a technique to study the crystallisation of poly(hexamethylene adipamide) by tracking the depolarisation of plane-polarised light. In essence, a hot-stage was used in conjunction with a polarising microscope and a photomultiplier; the photomultiplier was connected to a cathode-ray oscillograph. Wendlandt et al. [4] reported on a technique based on diffuse reflectance spectroscopy to study transitions in cobalt (III) complexes and the dehydration of copper sulphate from ambient to 500 • C. The key components of the instrument were: (i) a sample and a reference compartment where only the sample was heated to the required temperature; (ii) thermocouples to measure the temperature; and (iii) a reflectance attachment that was located over the sample and reference compartments to record the reflected radiation as a function of wavelength and temperature. Haines and Skinner [5, 6] integrated a stereo microscope with an in-built light source onto a power-compensated DSC. A CdS detector was positioned on one of the eyepieces to record the reflected light intensity from the sample pan, whilst the thermal properties were recorded via the DSC. The second eyepiece was used to photograph the phase change in the test specimen that was contained in the sample compartment of the DSC. They reported that the integration of the binocular microscope onto the DSC did not have any adverse influence on the performance of the instrument. A range of organic and inorganic substances was used to study the melting, crystallisation and dehydration processes.
The majority of the previous research on linking thermal analysis equipment to a FTIR spectrometer was carried out using heat-flux DSC and a microscope accessory. For example, Mirabella [7, 8] used the orifice on the sample compartment of the DSC to facilitate the infrared radiation from a spectrometer to be transmitted through the sample. The samples were generally mounted on an optically transparent medium such as potassium bromide or sodium chloride discs. Due to a poor signal-to-noise ratio, it was necessary to use thicker samples in the reference compartment of the DSC. This meant that the thermal and spectral analyses were carried out on two separate test specimens. This limitation was overcome by Johnson et al. [9] , where the spectral interrogation of the specimen in the DSC was carried out in reflection-mode. Examples of other researchers who have utilised the simultaneous DSC/FTIR spectroscopy technique include DeBakker et al. [10] , Lin et al. [11] and Ziegler et al. [12] . DeBakker et al. [10] employed near-infrared spectroscopy to study the cross-linking of a commercially available epoxy/amine resin system. They used glass pans to contain the mixed resin system and an external light source was used to illuminate the specimen. The transmitted light was directed to the detector port of an FTIR spectrometer; this approach required a series of collimating lenses to focus, transmit and collect the light.
The introduction of an optical fibre probe into a DSC was demonstrated by Frushour and Sabatelli [13] . They drilled the top-cover of a conventional power-compensated DSC to accommodate a pair of fibre-optic probes over the sample and reference compartments. The fibre-optic probe that was located over the reference compartment of the DSC was not illuminated. The "active" probe consisted of a bifurcated bundle of randomly arranged transmitting and receiving optical fibres. The sensing or distal end of the probe was housed in a brass tube. The intensity of the reflected light from the sample compartment of the DSC was acquired simultaneously with the thermal analyser. These authors reported a discrepancy of 1 • C with regard to the melting point of pure indium when the experiments were carried out on the modified DSC. They attributed this observation to heat loss as a consequence of the removal of the platinum lids that are used with conventional DSCs. The enthalpy of fusion was reported to be unchanged. The heating effect of the light source (800 nm) was investigated and reported to be in the order of 0.15 mW. They termed this technique thermal optical analysis (TOA). Kloosterboer et al. [14] reported on the modification of a power-compensated DSC to enable the photo-irradiation of the sample. This technique was later adapted by Kloosterboer et al. [15] to enable simultaneous photo-DSC and turbidity measurements to study polymerisation-induced phase separation of polymer-dispersed liquid crystals.
Harju et al. [16] removed the chamber of a power-compensated DSC and secured it in the sample compartment of a FT-Raman spectrometer. They demonstrated that simultaneous Raman and DSC data could be obtained to study the phase transitions in ammonium nitrate between 300 and 425 K. Sprunt and Jayasooriya [17] extended this technique by coupling the two instruments via a fibre-optic probe. Other notable research pertaining to the development and demonstration of hyphenated analytical techniques include the work of Koberstein and Russell [18] , Dumitrescu et al. [19] , Degamber et al. [20] and Degamber and Fernando [21] .
In the current paper, the simultaneous DSC/FTIR technique developed by Degamber et al. [20] was used to study the crosslinking kinetics of an epoxy/amine thermosetting resin system. Experiments were conducted using the original DSC top-cover and one where it was modified to accommodate the non-contact fibreoptic probes. Data from the conventional and modified DSC are compared with the transmission/reflection FTIR data obtained from the fibre-optic probes. The resin system was also characterised using conventional transmission FTIR spectroscopy where a 1 mm path-length cuvette was used in conjunction with a temperaturecontrolled cuvette holder.
Experimental

Epoxy/amine resin systems
The epoxy/amine resin system used in the current work was Araldite LY3505/XB3403 (Huntsman Advanced Materials, UK). The materials were used as-supplied without further purification. A fresh batch of the LY3505/XB3403 resin system was prepared just prior to the commencement of each experiment. The resin system was mixed thoroughly in the stoichiometric ratio of 100:35 (LY3505:XB3403) by weight. This was followed by degassing in a vacuum chamber for 15 min. The resin system was cross-linked isothermally at 40, 50, 60 and 70 • C.
Conventional FTIR spectroscopy
A Bruker MATRIX TM -F duplex FT-NIR spectrometer (Bruker Optics Ltd., UK) was employed for monitoring the cross-linking of the epoxy/amine resin system. The spectrometer was set to operate in the near-infrared region from 11,000 to 4000 cm −1 . Spectra were collected at a resolution of 4 cm −1 over 64 scans. The mixed resin was injected, via a syringe, into a de-mountable (open-end) optical glass cell with a path-length of 1 mm (Starna, UK). The cell was housed in a CUV-TLC-50F temperature-regulated cuvette holder (Ocean Optics Inc., USA). The cuvette holder had two optical ports accommodating a pair of sub-miniature adapter (SMA) connectors with integrated collimating lenses. With reference to the conventional FTIR spectroscopy transmission experiments, two low-OH optical fibre probes (Ocean Optics Inc., USA) were used to deliver and collect the light to and from the resin contained in the cuvette.
Conventional DSC
The conventional DSC experiments were conducted on a Diamond DSC (PerkinElmer Inc., UK). The instrument was calibrated with pure indium and tin prior to use. The sample and reference compartments of the calorimeter were purged with nitrogen gas at a flow of 30 cm 3 /min. The resin and hardener mixture was prepared just prior to use, and approximately 15 mg was placed in an open (uncrimped) aluminium pan. In the case of the dynamic scans, these were performed from 30 to 250 • C at a heating rate of 5 K/min. With reference to the isothermal experiments, the sample was placed in the DSC chamber which was pre-set at 30 • C and then ramped at 40 K/min to the desired cross-linking temperature of: 40, 50, 60 or 70 • C.
Simultaneous DSC/FTIRS
With reference to Fig. 1 , the top-cover of a conventional PerkinElmer Diamond DSC was removed and replaced with a custom-modified top-cover from a PerkinElmer DSC-7 calorimeter. The gas exhaust ports on the top-cover, located above the sample and reference compartments, were drilled out to accommodate two arms of an optical fibre probe. The two arms of the probe were secured to vertical translation stages to enable the distance between the ends of the probes and the sample and reference pans to be controlled as desired. A schematic illustration of the fibreoptic probe assembly and the DSC is shown in Fig. 1 (i); Fig. 1(ii) shows a cut-out side view of the fibre-optic probes and the DSC furnace compartment.
With reference to Fig. 1 , the two arms of the probes were held using conventional translation stages and this assembly was secured above the sample and reference compartments of the DSC. Each arm of the probe that was integrated into the DSC contained around 150 low-OH 105/125 m silica optical fibres. These optical fibres were potted in individual silica tubes and polished. The three distal-ends of the probe were potted into SMA connectors and polished using conventional procedures; the arm that was connected to the light source consisted of around 150 fibres and each of the other two arms, contained approximately 75 optical fibres, were connected to two detector-ports of the FTIR spectrometer.
In the case of the simultaneous DSC/FTIR experiments, the spectrometer and calorimeter were operated as described previously. 
Results and discussion
Conventional DSC and simultaneous DSC/FTIR
With reference to the reactive functional groups that are present in the resin system, the extent of conversion (˛) is defined as:
where H t is the cumulative enthalpy of the reaction at time t, H dyn is the total heat of the curing reaction determined by a non-isothermal (dynamic) scan. The cumulative enthalpy of the reaction can be calculated as follows:
where dH/dt is the heat flow obtained from the DSC measurements. Fig. 2 shows the cross-linking or cure data obtained using the conventional and simultaneous DSC techniques, conducted isothermally at 50 and 70 • C. Here, the heat flow was normalised to the mass of the sample. At the beginning of the cross-linking reaction, the enthalpy obtained via the conventional DSC is slightly higher than that observed for the simultaneous DSC/FTIR setup. This discrepancy may be due to the time taken to attain thermal equilibrium within the DSC chamber when the silica-based fibreoptic probes are present. It is worth noting that the calorimeter was calibrated with pure indium and tin for situations with and without the fibre-optic probe. After approximately 10 min at the isothermal cross-linking temperature, the outputs from the conventional and simultaneous DSC/FTIR experiments were similar.
Monitoring the epoxy functional group during cross-linking using FTIR spectroscopy
The reflected light from the fibre-optic probe that was located over the sample compartment of the DSC/FTIR setup was directed to the fibre-coupled FT-NIR spectrometer. The absorbance of the epoxy functional group was tracked during the cross-linking reactions. Typical spectra for the LY3505/XB3403 epoxy/amine resin system at the start of the reaction and after 800 min are illustrated in Fig. 3 . The peak assignments for the absorbance spectra shown in Fig. 3 are summarised in Table 1 .
An expanded view of Fig. 3 is presented in Fig. 4 where, as expected, the epoxy peak at 4530 cm −1 is seen to decrease as a function of time during the cross-linking process. After approximately 50% of the conversion of the epoxy functional group, the emergence of a small peak at 4564 cm −1 is apparent. The prominence of this unassigned peak became more evident with the depletion of the epoxy peak at 4530 cm −1 ; it is speculated that the peak may be due to a combination band of C H stretching vibration of the aromatic ring and aromatic C C conjugated stretching vibration [23] . Previous researchers have also noted the presence of this unassigned peak [24] [25] [26] . The contribution of this unassigned peak to the epoxy functional group absorbance was assessed via a deconvolution routine. Fig. 5 shows the deconvoluted epoxy spectra obtained using the Fourier self-deconvolution (FSD) routine contained in the Bruker OPUS software. A Lorentzian line shape with a bandwidth of 5 cm −1 and a resolution enhancement of 1.5 were selected for the FSD manipulation. As seen in Fig. 5 , the deconvolution routine enabled the epoxy and the unknown peaks to be resolved. If deconvolution is not performed on the absorbance spectra shown in Fig. 4 , the contribution of the unassigned peak area to that of the epoxy peak areas was estimated to be less than 5% of the initial epoxy peak. Analysis of the deconvoluted area for the unassigned peak indicated that it remained constant throughout the reaction. Therefore, when the two peaks are not deconvoluted, there is justification in subtracting the contribution of the unassigned peak area from the epoxy peak area at 4530 cm −1 . Fig. 4 . Absorbance spectra for the LY3505/XB3403 resin system cross-linked at 50 • C at the start of the cross-linking reaction and after 100, 300 and 800 min.
Table 1
Peak assignments for the epoxy/amine resin system [22, 25, 28] .
Peak label
Wave number (cm −1 ) Peak assignment The extent of reaction or conversion (˛) of the epoxy functional group is generally calculated by referencing it to an inert peak [27] :
where A epoxy and A reference are the areas of the epoxy and reference peaks respectively, t represents the time during the cross-linking reaction and t = 0 represents the start of the reaction. The aromatic C H combination band at 4620 cm −1 is an inert peak as it does not take part in the cross-linking reaction and hence this peak area was used to normalise that of the epoxy absorbance peak area (centred at 4530 cm −1 ). Eq. (3) can also be applied to calculate the conversion of the primary amine at 4935 cm −1 . As mentioned previously, the inert aromatic C H peak at 4620 cm −1 was also used to normalise the primary amine peak area:
where PA refers to the primary amine absorption band at 4935 cm −1 and ˇP A is the normalisation of the primary amine. Fig. 6 (i) shows the depletion of the primary amine peak at specified intervals during the cross-linking reaction. During this process, the primary amine is converted to a secondary which in turn is converted to a tertiary amine. The absorbance band for the secondary amine functional group appears between 6600 and 6400 cm −1 as an overlapped band with the primary amine and is shown in Fig. 6(ii) . The concentration of the secondary amine can be determined by subtracting the primary amine group concentration from the combined peak, as detailed in Eqs. (5) and (6) . [
where A 6600-6400,t is the peak area between 6600 cm −1 and 6400 cm −1 at time t. E 1 and E 2 are the molar absorptivities of the primary and secondary amines respectively, and [SA] t is the concentration of secondary amine at time t. l is the optical path length.
For a stoichiometric bi-functional epoxy and amine system, the concentrations of the secondary and tertiary amine groups (A 2 and Start of the reaction After 300 minutes After 800 minutes (i) (ii) Fig. 6 . Absorbance spectra of the LY3505/XB3403 resin system when cross-linked isothermally at 50 • C using the simultaneous DSC/FTIR technique for: (i) the amine peak at the start of the cross-linking reaction and after 50, 100 and 300 min; and (ii) the combined peak of primary and secondary amines at the start of the cross-linking reaction and after 300 and 800 min. Fig. 7 . Conversion data for the epoxy and the normalisation data of the primary, secondary and tertiary amines when the LY3505/XB3403 resin system is cross-linked isothermally at 50 • C.
A 3 respectively) can be calculated using a mass balance approach [33] :
Rearranging Eqs. (7) and (8):
where ˇS A,t and ˇT A,t refer to the normalisations of the secondary and tertiary amine groups at time t respectively. E 0 is the initial concentration of the epoxy and ˇP A,t is the normalisation of the primary amine at time t. B is the ratio of primary amine to epoxy concentration at the start of the reaction; for a stoichiometric mixture, the value of B is equal to 1. ˛t refers to the extent of conversion or conversion reaction at time t. Fig. 7 shows the conversion data for the epoxy and the primary, secondary and tertiary amines during cross-linking at 50 • C.
Cross-linking kinetics
The cure kinetics of thermosetting polymers have been studied widely and a variety of kinetic models have been proposed to relate the rate of the chemical reaction to the processing time, temperature, and the extent of the reaction (conversion) [28] [29] [30] [31] [32] . In the current study, the "autocatalytic model" [32] was used to model the cross-linking data from the conventional DSC and the simultaneous DSC/FTIR. The autocatalytic model is described by Eq. (12):
where k is the rate constant, ˛ is the conversion reaction, and m and n represent the reaction orders. In subsequent graphs, the best fit to the data were obtained by using m = 0.35 and n = 1.65. Figs. 8 and 9 show the degree of conversion for the epoxy functional group where the cross-linking reactions were carried out at 50 and 70 • C respectively. The data were generated using the conventional DSC, modified DSC (DSC/FTIR), conventional FTIR spectroscopy (1 mm path length cuvette) and near-infrared spectroscopy via the fibre-optic probe on the simultaneous DSC/FTIR. With reference to Figs. 8 and 9 , the following observations can be made:
(i) The degree of conversion obtained using the simultaneous DSC/FTIR technique (epoxy conversion via reflection FTIR spectroscopy and thermal analysis via the modified DSC) show an excellent correlation; this was observed for the four temperatures investigated in this study. The FTIR spectra obtained are best described as transmission/reflection; this is because the infrared light is transmitted through the resin and is reflected off the aluminium pan. Since the absorbance data are normalised to the inert C H absorbance band, path-length differences are taken into account. It can be concluded that if the temperature within the processing equipment can be assured to be uniform, the cross-linking kinetics from FTIR spectroscopy and thermal analysis should be similar when the same sample is analysed; this is the case with simultaneous DSC/FTIR spectroscopy used in the current study. (ii) On comparing the datasets for the conventional DSC and the simultaneous DSC/FTIR, a common trend is observed where the rate of conversion is higher for the conventional DSC up to approximately 55% conversion; after this point, the rate of conversion is seen to slow down significantly. Interestingly, the extent of the reaction for the conventional DSC is seen to be lower than that observed for the simultaneous DSC/FTIR combination and conventional transmission FTIR spectroscopy; the observed discrepancies were lower at the higher isothermal temperature. These trends are also reflected in the rate constants summarised in Table 2 for the resin system for the four different analytical techniques. (iii) The observed differences between the conversion data for the conventional and simultaneous DSC may be attributed to the calibration procedures used. The calibrations of the conventional and simultaneous DSC/FTIR were carried out (using pure indium and tin) with and without the fibre-optic probes respectively. The presence of the fibre-optic probes does influence the thermal environment within the DSC chamber but it was assumed that the calibration procedures would compensate for this. However, the thermal conductivity of the resin system is significantly lower than that of the calibration medium (indium and tin) and it is possible that the observed differences between the conventional and simultaneous DSC/FTIR could be reduced using organic reference standards. This will be investigated and reported in due course. Nevertheless, the cross-linking kinetics and the activation energies derived for the epoxy/amine resin system yield similar results. This demonstrates that if the temperature regime is identical, the rates of depletion of the epoxy and amine functional groups will be similar. Moreover, since the analyses were performed on the same sample, the kinetics from the simultaneous DSC/FTIR and FTIR spectroscopy will be similar.
With reference to Eq. (12), the temperature dependency of the rate constant is given by the Arrhenius relationship:
where A is a pre-exponential factor, E is the activation energy, R is the universal gas constant, and T is the temperature. A summary of the respective activation energies for the resin system when using the four different analytical techniques is presented in Table 2 . Whilst the activation energies for the simultaneous DSC/FTIR and conventional DSC are similar (60.22-60.97 kJ mol −1 ), the conventional transmission FTIR spectroscopy yields a value of 54.66 kJ mol −1 . Given the fact that the resin system used in these experiments was the same, the following reason may have contributed to the observed lower value for the activation energy associated with the conventional transmission FTIR spectroscopy experiments. The relative masses of the samples used in the DSC and conventional FTIR spectroscopy were 15 mg and 0.5 g respectively. Since the cross-linking reactions are exothermic, efficient temperature management is important. It is therefore possible that the isothermal conditions may not have been maintained in the cuvette holder; this may explain the higher conversion rate and extent of conversion for the cuvette-based experiments. In the case of the power-compensated DSC, the smaller sample mass and the intimate contact between the sample, the sample holder (aluminium pan) and the furnace facilitates efficient temperature regulation. The phenomenological autocatalytic model was used to study the cure kinetics of the epoxy measured by conventional DSC and simultaneous DSC/FTIR. Figs. 10 and 11 show the cure rate of the epoxy/amine system investigated using this model. Matlab ® software was used to fit the cure data. Table 2 lists the reaction constant calculated with the autocatalytic model for conventional DSC and simultaneous DSC/FTIR. Fig. 12 shows the natural logarithm of the reaction constants plotted against reciprocal temperature (1/T). Error bars of 5% were added to the average reaction constants obtained from the simultaneous FTIR to show that the reaction constants measured using both conventional DSC and simultaneous DSC/FTIR were not significantly different. With reference to Table 2 , the activation energy of the cure reaction for the conventional DSC (60 kJ mol −1 ) and simultaneous DSC/FTIR (61 kJ mol −1 ) are similar.
The integration of the autocatalytic model (Eq. (12)), as shown in Eq. (14) , under isothermal conditions and with m + n = 2, leads to Eq. (15) . Fig. 13 shows the conversions from the integration of the autocatalytic model against the curing time for the conventional DSC and simultaneous DSC/FTIR datasets. In Eqs. (14) and (15) constants of the conventional DSC and the simultaneous DSC/FTIR. All the conversion data obtained from the simultaneous DSC/FTIR fall within the autocatalytic conversion range, whose error bars were 5% of their value. This indicates that the cross-linking kinetic data obtained using the simultaneous DSC/FTIR technique can be described by the autocatalytic model.
dm
(1 − ˛) n = k · dt (14) 
Conclusions
This study has demonstrated that a conventional DSC can be adapted to enable simultaneous spectral and thermal information to be extracted during the cross-linking of a thermosetting resin. The cross-linking kinetics of a commercially available epoxy/amine resin system were studied and it was shown that the activation energies for conventional and modified DSC were similar. An excellent correlation was observed between the FTIR spectroscopic data and that obtained from the modified DSC. The cross-linking kinetic data obtained from the cuvette-based conventional transmission FTIR spectroscopy was 54.66 kJ mol −1 whereas those obtained from the conventional DSC, simultaneous DSC and reflection FTIR spectroscopy were 60.82, 60.22 and 60.97 kJ mol −1 respectively. The discrepancy with the cuvette-based experiment has been attributed to non-isothermal conditions within the cuvette holder. In other words, the temperature within the cuvette holder was raised due to the exothermic nature of the thermosetting resin used in this study.
